Abstract: Non-Hodgkin lymphomas constitute a heterogeneous group of hematologic malignancies with varying aggressiveness and many therapeutic options. Nonmyeloablative (NMA) conditioning has been the cornerstone of allogeneic adoptive immunotherapy for these diseases. This approach utilizes a reduced intensity preparative regimen to achieve engraftment with little toxicity. This allows for development of the immune graft-versus-lymphoma effect. Results depend on the histologic type of lymphoma, prognostic factors, patient characteristics, and chemosensitivity. For follicular lymphomas, NMA transplants are highly effective in patients with refractory or recurrent disease after the best chemoimmunotherapy available and who have a matched sibling or unrelated donor. In mantle cell lymphoma, autologous stem cell transplants are generally ineffective for patients with recurrent disease; we reported 6-year actuarial progressionfree survival rate of 46%, using NMA allogeneic transplants. The indications of NMA transplants for diffuse large B-cell lymphoma and T-cell lymphomas are controversial; success has been reported in selected highrisk patients and those relapsing after an autologous transplantation who have chemosensitive disease. Considerations for the conditioning regimen, donor source, graft-versus-host disease prophylaxis, donor lymphocyte infusion, and relapse prevention methods are reviewed.
A llogeneic hematopoietic stem cell transplantation (SCT) offers advantages over autologous SCTVspecifically, lymphomafree grafts and the immunologic graft-versus-lymphoma (GVL) effect, which have been found to confer long-term remission. 1, 2 Allogeneic SCT also permits the use of high-dose cytotoxic therapy and cell products devoid of tumor cells and prior chemotherapy-induced DNA damage. The widespread use of myeloablative allogeneic SCT in non-Hodgkin lymphoma (NHL), however, is limited by upfront mortality rates of up to 40%, occurring in part because myeloablative allogeneic SCT has traditionally been used in patients with more advanced, chemorefractory disease. However, in the past 15 years, we have witnessed a dramatic shift in how allogeneic SCT is performed, with increasing numbers of patients receiving less toxic nonmyeloablative (NMA) or reduced-intensity (RI) conditioning regimens that promote donor cell engraftment and rely primarily on GVL induction. 3 As a result, allogeneic SCT is feasible in a larger group of patients, and it is common knowledge that it would benefit older patients and patients with comorbid conditions. However, the increasing use of allogeneic SCT has made treatment decisions in NHL more complex. In this review, we describe the principles behind NMA conditioning and its effectiveness in the major lymphoma subgroups.
RATIONALE FOR ALLOGENEIC SCT IN NHL
Unlike allogeneic SCT, autologous SCT is associated with a treatment-related mortality (TRM) rate of less than 5%; however, it is also associated with a higher risk of relapse, especially in patients with relapsed follicular lymphoma (FL) and mantle cell lymphoma (MCL). 4 The concurrent administration of rituximab, before and after autologous SCT, is associated with a significant improvement in overall survival (OS) and disease-free survival rates in relapsed, chemosensitive diffuse large B-cell lymphoma (DLBCL). 5 The addition of rituximab has also improved OS and decreased the risk of relapse in MCL patients who underwent autologous SCT during first remission, as a consolidation to their response with conventional chemotherapy. 4, 6 Rituximab was administered during stem cell mobilization (375 mg/m 2 1 day before chemotherapy and 1000 mg/m 2 7 days after chemotherapy). A dose of 1000 mg/m 2 was administered again on days 1 and 8 after SCT. The use of monoclonal anti-CD20 antibody with autologous SCT has not led to improved outcomes in relapsed FL and MCL. Furthermore, the observed 8-to 15-fold increased incidence of secondary myelodysplasia is of major concern after autologous SCT. 7 The only prospective comparison of autologous and allogeneic hematopoietic SCT in NHL was conducted in relapsed FL; it closed early because of poor accrual, 8 which was in part due to the advent of several therapeutic approaches. The other comparisons were based on retrospective analyses of singlecenter or registry data; they demonstrated lower relapse rates after allogeneic SCT than after autologous SCT in both FL and DLBCL. 1, 9 The high TRM rate associated with myeloablative allogeneic SCT, however, offsets any potential survival benefits. The results of these retrospective comparisons are confounded by imbalances in patients' characteristics and differences in treatment protocols. Other important determinants, such as serum lactate dehydrogenase (LDH) levels, 18 F-fluoro-deoxyglucose positron emission tomography (PET) scan results, or bulky disease, are rarely included. In addition, most studies report on patients accrued over long periods, during which better donor selection (with improvements in histocompatibility typing procedures), the use of new prophylactic antifungal agents, and the early detection of cytomegalovirus reactivation by sensitive methods have contributed to a lower TRM risk. By contrast, no major changes have occurred in autologous SCT over the past decade.
GVL EFFECTS
The early clinical evidence of GVL activity was largely based on the important but indirect observation that immunosuppression withdrawal restored remission after relapse in some cases 10 and that T-cell depletion was associated with an increased risk of relapse.
The most definitive evidence of GVL's effects remains the clinical observation of a marked donor lymphocyte response in patients who experience relapse after allogeneic SCT 11, 12 and a decreased relapse risk after T-cell depletion with prophylactic donor lymphocyte infusion (DLI) infusion. 13 Immunomodulation responses have been described in several histologic subtypes of lymphoma, including DLBCL, FL, MCL, and peripheral T-cell lymphoma (TCL). 10,14Y16 In general, however, responses are more common in indolent histologic disease types with low tumor burdens than in those with aggressive histologic types and rapidly progressive disease. The natural culmination of GVL has been the development of NMA and RI regimens for allogeneic SCT that promote donor cell engraftment and rely primarily on GVL induction rather than dose-intensive chemotherapy.
NMA ALLOGENEIC SCT IN NHL: LONG-TERM RESULTS
The use of allogeneic SCT for NHL depends on several factors, including disease status, age, performance status, comorbidities, and donor availability. In addition, because NHL is a heterogeneous group of tumors with varied biologic behavior, the histologic tumor type is an important factor.
Numerous series have reported promising response rates for NMA allogeneic SCT in patients with lymphoid malignancies. The most encouraging results have been in FL and MCL.
Follicular Lymphoma
The most compelling results on NMA SCT's role in FL originated at our institution. In 2008, we reported our 8-year experience with fludarabine, cyclophosphamide, and rituximab regimen in 47 FL patients who underwent sibling donor (n = 45) or matched unrelated donor (n = 2) allogeneic NMA SCT. 14 We used a high-dose rituximab schedule of 375 mg/m 2 on day j13, followed by 1000 mg/m 2 on days j6, +1, and +8. Tacrolimus and methotrexate were used for graft-versus-host disease (GVHD) prophylaxis. The median patient age was 53 years (range, 33Y68 years), and all patients had chemosensitive disease. At the time of SCT, 62% of patients were in partial remission; after SCT, 100% had experienced a complete response (CR). Acute and chronic extensive GVHD occurred in 11% and 36% of patients, respectively. A unique finding in that report was that 20 (71%) of 28 patients who experienced chronic GVHD had de novo onset, which had no major negative effect on survival. The 1-year TRM rate was 13%. Furthermore, only 6 of the 47 patients died of infections, even though the regimen targets both cellular and humoral immunity. At a median of 60 months of follow-up, only 2 cases of disease progression after CR had occurred (4%). The progression-free survival (PFS) and OS rates were 83% and 85%, respectively. Since the last update, 1 patient developed recurrent disease. With a median follow-up of 107 months (range, 72Y142 months), the 11-year OS and PFS rates were 78% and 72% (Table 1) . 17 These results suggest that NMA allogeneic SCT is curative for relapsed FL. At our institution, this strategy is reserved for patients with refractory or recurrent disease after the best chemoimmunotherapy available and who have a matched sibling or unrelated donor.
Mantle Cell Lymphoma
Mantle cell lymphoma is now recognized as a distinct clinicopathological subtype of B-cell NHL that continues to pose a significant challenge to oncologists because there is currently no standard therapy for newly diagnosed or relapsed disease. The clinically inadequate results of conventional chemotherapy have led to the exploration of autologous SCT during the first remission. In the preYrituximab era, early autologous SCT extended the median remission duration by 1 to 2 years, but most patients eventually experienced relapse. 4, 18 With the advent of rituximab and its incorporation into stem cell mobilization and conditioning regimens, we and other research groups have reported improved outcomes. 4, 19 In an updated analysis, we recently described the emergence of an early survival curve plateau after 3 years, with a projected lymphoma-free survival duration at 10 years of 65% (95% confidence interval, 44%Y80%), suggesting a cured fraction. 6 We also found that Ki-67 of greater than 30% at diagnosis was associated with a higher risk of relapse. In the relapsed or refractory disease setting, the clinical results of autologous SCT remain inadequate. This has led to exploring the use of allogeneic SCT, which has been reserved to treat patients with relapsed or recurrent disease.
We recently reported the mature results of an allogeneic study after NMA in 35 patients (median age, 58 years [range, 43Y68 years]) using fludarabine, cyclophosphamide, and high-dose rituximab. 4 Patients were heavily pretreated with a median of 3 lines of therapy (range, 1Y10), although most (88%) had chemosensitive disease at the time of NMA allogeneic transplantation. With a median follow-up of 56 months (range, 19Y110 months), the median PFS duration was 60 months, and the median OS had not yet been reached. The 6-year actuarial PFS rate was 46%, and the 6-year actuarial OS rate was 53% (Table1). Importantly, plateaus in the survival curves were observed for both PFS and OS, with no relapses or deaths occurring in 9 patients followed up for 63 to 110 months. The factors associated with favorable PFS on multivariate analysis were a peripheral blood graft with 95% chimerism or greater and 4 or less prior therapies (Fig. 1) . These outcomes were significantly superior to those of patients who underwent autologous SCT for relapsed or refractory disease at our institution (P = 0.01 for both PFS and OS).
Maris et al 20 published the results of SCT after NMA conditioning in MCL patients at Fred Hutchinson Cancer Center. Thirty-three patients with relapsed or refractory disease underwent conditioning with fludarabine and 2-Gy total body irradiation, followed by allogeneic SCT from a related (48%) or unrelated The results of these 2 series suggest that a significant proportion of patients with relapsed MCL will be cured with NMA allogeneic SCT. At present, this remains the only treatment associated with a long-term remission in relapsed MCL. The demonstration of a GVL effect through observed responses to DLI is encouraging. 15 Early referral for SCT is certainly warranted, especially in patients with elevated Ki-67 levels who do poorly with conventional chemotherapy and autologous SCT.
Diffuse Large B-Cell Lymphoma
Diffuse large B-cell lymphoma is the most common subtype of NHL. The indications for autologous and allogeneic SCT have generally been based on disease response to salvage chemotherapy. The PARMA 21 prospective, randomized multicenter trial provided the strongest evidence supporting the use of autologous SCT over salvage chemotherapy in patients with chemoresponsive, relapsed DLBCL. A significant improvement in OS and PFS rates occurred with the addition of anti-CD20 antibody, especially in PET-negative patients at the time of SCT 22 ; thus, autologous SCT is the treatment of choice for these patients. However, new treatment strategies are needed to improve outcomes in patients with a poor prognosis and in those who experience a relapse after autologous SCT. Patients with high serum LDH levels or International Prognostic Index (IPI) scores or positive 18 F-fluoro-deoxyglucose PET scans at the time of autologous SCT have inferior outcomes. 22 Allogeneic SCT is the alternative approach.
Overall, the use of allogeneic SCT for DLBCL is still limited. The numbers of patients and published studies in which this strategy has been used are small and thus do not allow us to form definitive conclusions. Most DLBCL patients who are referred for allogeneic SCT have relapsed high-risk or refractory disease, have relapsed disease after autologous SCT, or are precluded autologous SCT because of stem cell collection difficulties. Studies have shown a lower relapse rate and longer disease-free survival duration after allogeneic SCT than after autologous SCT. 1, 9 The high TRM rate offsets any potential survival benefits. However, the response to DLI and withdrawal of immunosuppression in some patients lend credence to the existence of a GVL effect in DLBCL. 10 Little evidence exists, however, that allogeneic SCT improves outcomes in refractory DLBCL. At least 1 research group found that patients with low-volume stable disease have a better outcome after allogeneic SCT than do those with progressive disease, especially with high LDH levels. 23, 24 No clear-cut indication exists for allogeneic SCT for DLBCL, possibly because the prognostic features need to be studied at the first sign of relapse rather than at the time of SCT after salvage chemotherapy. Patients with high IPI scores and LDH levels at relapse should be considered for allogeneic SCT, especially if PET remains positive after salvage treatment. Several investigators have found that PET positivity, which is usually associated with poor outcomes after autologous SCT, has no effect on response to allogeneic SCT. 25 Other biological characteristics of the disease may also be important determinants of outcomes after allogeneic SCT. Diffuse large B-cell lymphoma is not a single disease; it can be categorized on the basis of its molecular features as germinal center B-cellYlike, nongerminal center B-cellYlike, or primary mediastinal B-cell lymphoma. 26 Furthermore, the double-hit subtype, with bcl2-Myc translocation, is increasingly reported as having poor prognostic features. 27 The effects of this subclassification of allogeneic SCT are unclear at present.
Several reports have assessed the effectiveness of allogeneic SCT in DLBCL patients who have not experienced a response to a prior autologous SCT. We demonstrated the feasibility of this approach in 2004. 28 Since then, several studies have demonstrated durable remissions in 20% to 40% of patients. 29 Chemosensitivity, comorbidities, and time to relapse after autologous SCT are the most significant determinants of outcome. Patients who experience a relapse in 6 to 12 months have a high TRM rate. As a result, less than 20% of patients are usually eligible for this procedure.
T-Cell Lymphomas
T-cell lymphoma is a heterogeneous group of cancers that represents 15% of NHLs. 30 Compared with B-cell lymphoma, TCLs are more resistant to conventional chemotherapy and are generally associated with a poor outcome, except for anaplastic kinaseYpositive large-cell lymphoma. Treatment with new agents leads to improved responses, 30 but relapse is common, especially in patients with advanced or recurrent disease. Continuous remissions of more than 5 years have been observed in patients who underwent autologous SCT during their first remission. 31 Poor outcomes have been observed in patients with relapsed disease. Several small reports have described responses to DLI or immunosuppression withdrawal, which suggest that T cells are a good target for donor-derived immune systems. Nonmyeloablative or RI conditioning may lead to decreased TRM rates and improved results. This strategy led to favorable outcomes in a small series of patients with advanced mycosis fungoides who had previously not experienced a response to several lines of conventional treatment. 32 Corradini et al 16 found a 3-year PFS rate of 80% in a study of 17 relapsed, chemosensitive peripheral T-cell (not otherwise specified) patients. A recent report from Dana Farber suggested that allogeneic SCT is particularly successful in patients with nodal TCL and less so in those with extranodal disease. 33 Whether allogeneic SCT is truly superior to autologous SCT continues to be debated. A recent retrospective study from our institution demonstrated similar survival rates between autologous and allogeneic SCT for relapsed TCL, with the exception of lymphoblastic lymphoma patients, who fared better after allogeneic SCT. 31 In both, an IPI score for TCL of greater than 0 was associated with poor survival rates. 
NMA CONDITIONING: DISEASE SPECIFIC OR DISEASE INTENSE
The development of NMA or RI conditioning has been one of the most important advances in allogeneic SCT for NHL. Numerous regimens of various intensities are being developed to minimize SCT toxicity while maximizing GVL activity. In the absence of randomized trials, it is difficult to demonstrate the superiority of 1 regimen over the other. However, some general conclusions can be drawn from the published results.
Conditioning regimens allow engraftment of donor cells with the least toxicity and provide early disease control, allowing time for the donor cells to generate GVL activity. Dose intensity may be particularly important in patients with aggressive histologic disease types and less important in patients with indolent diseases and low tumor burdens. The most commonly used regimens are the combination of fludarabine, cyclophosphamide, and rituximab; low-dose total body irradiation plus fludarabine; and the more intense melphalan plus fludarabine or carmustine, etoposide, cytarabine, and melphalan. The more intense regimens have been reserved for patients with aggressive histologic disease types and are usually associated with a higher risk of GVHD. However, none of these regimens seem to be effective against bulky refractory disease.
Various strategies are being investigated to improve the efficacy of conditioning without additional toxicity. One strategy is to incorporate novel agents in allogeneic conditioning that are effective against lymphoma. We 34 recently reported the preliminary results of bendamustine, a novel compound that is effective in patients whose disease is refractory to alkylating agents. To improve outcomes in NMA SCT patients, we substituted cyclophosphamide with bendamustine in the conditioning regimen. Bendamustine was given intravenously in escalated doses of 70, 90, 110, and 130 mg/m 2 daily on days j5 to j3 before SCT, together with 30 mg/m 2 of fludarabine on days j5 to j3 and 375 mg/m 2 of rituximab on day j13 and 1000 mg/m 2 on days j6, +1, and +8. The study included 23 patients with various lymphoid diseases who had a relapse after the best conventional therapy available. Fifteen patients (65%) underwent SCT from human leukocyte antigenYcompatible siblings and 8 (35%) from unrelated donors. Their median age was 60 years (range, 30Y70 years). Two, 3, 3, and 15 patients received 70, 90, 110, and 130 mg/m 2 daily doses of bendamustine, respectively. No doselimiting toxicity was observed. Fourteen patients (61%) did not experience a nadir of their absolute neutrophil count to less than 0.5 Â 10 9 /L; 3 did not require filgrastim for neutrophil recovery, and 19 (83%) did not experience a platelet count of less than 20,000 Â 10 9 /L. All patients experienced donor cell engraftment. The median donor T-cell level at day 30 was 93%. Only 1 patient developed acute GVHD (grade 3). Chronic extensive GVHD was observed in 2 (9%) of 22 evaluable patients. Fungal infection was the cause of the only death observed. With a median follow-up time of 8 months (range, 3Y25 months), the OS and PFS rates were 92% and 79%, respectively.
The monoclonal anti-CD20 antibody has significant singleagent activity in B-cell lymphoid malignancies and may enhance GVL through antibody-dependent cytotoxicity and by increasing dendritic cell uptake and presentation of tumor cellYderived peptides. 35, 36 We recently demonstrated the effectiveness of this strategy in chronic lymphocytic leukemia, in which it led to increased natural killer (NK) cell lysis against the tumor, enhancing the complete remission rate. 37 We hypothesized that the lower risk of GVHD in our studies was attributable to rituximab. In a recent study by Arai et al, 38 the use of prophylactic antiYB-cell therapy delivered 2 months after SCT decreased allogeneic donor B-cell immunity and resulted in low incidences of acute (6%) and chronic GVHD (20%).
Various strategies are being investigated to improve the outcome of chemorefractory FL patients after NMA allogeneic SCT. One of the most compelling studies of targeted therapy was the incorporation of radioimmunotherapy with anti-CD20 antibody and yttrium-90-ibritumomab tiuxetan ( 90 YIT) in the NMA conditioning in patients with refractory FL. 17 
90
YITis associated with a higher response rate than is rituximab in relapsed or chemorefractory FL patients. Because of its A emission, 90 Y delivers radiation not only to the tumor cells that bind the antibody but also to neighboring tumor cells that are inaccessible to the antibody or have insufficient antigen expression as a result of a cross-fire effect. Thus, we hypothesized that adding 90 YIT to the NMA conditioning regimen would enhance initial disease control and that remission could later be sustained via the GVL effect. Patients received single doses of 90 YIT (0.4 mCi/kg on day j14) with fludarabine and cyclophosphamide. The cohort included 26 FL patients who had a relapse: 10 (38%) had disease that was refractory to chemoimmunotherapy, and 11 (44%) were PET-positive at study entry. Sixteen patients (62%) had sibling donors, and 10 (38%) had unrelated donors. The toxicity and GVHD profiles were similar to those observed for fludarabine, cyclophosphamide, and rituximab: unlike the 90 YIT patients, all patients had instead chemosensitive disease and sibling donors. With a median follow-up of 33 months (range,17Y94 months), the 3-year PFS rates of patients with chemorefractory and chemosensitive disease were 80% and 87%, respectively (P = 0.7) ( Table 1) .
DONOR SOURCE, GVHD PROPHYLAXIS, AND DLI
Allogeneic SCT is no longer considered as a sole procedure of stem cell infusion after NMA or RI conditioning. It is now an integral part of comprehensive treatment programs, including intensive debulking, donor cell choice, GVHD prophylaxis type and duration, and use of DLI.
Earlier studies of allogeneic SCT for NHL were restricted to recipients of matched sibling SCT. Advances in unrelated donor selection, including high-risk human leukocyte antigen typing, 39 have resulted in major improvements in outcome after unrelated donor SCT. Several recent studies have demonstrated that unrelated donor SCT results in similar or even better survival rates than do matched sibling SCT. 40 In a recent FL study at our center, the addition of 1 mg/kg thymoglobulin on days j2 and j1 to the 90 YIT conditioning regimen resulted in similar engraftment rates and acute and chronic GVHD risks in sibling and unrelated SCT patients. The OS and PFS rates were also similar. 17 The increasing accuracy of donor typing has led to fewer matching donors, especially in patients of minority descent. Alternative donor SCTs, including cord blood 41 or haploidentical SCT, 42 are increasingly being considered. One limiting factor of haploidentical SCT is the prohibitive incidence of severe GVHD. The use of high-dose post-SCT cyclophosphamide by the investigators at John Hopkins has promising results. 42 Because the incidence of GVHD can be significant after DLI, studies of prophylactic DLI must include a careful assessment of GVHD risk and the clinical setting. Selected patients receive DLI for persistent disease and relapse, but it is commonly provided for mixed chimerism after NMA and RI SCT, even in the absence of measurable disease. This leads to a high incidence of GVHD and is a major cause of morbidity and mortality after allogeneic SCT. We have recently demonstrated that this practice is not routinely needed in patients with FL who continue to have stable mixed chimera after nonYT cellYdepleted NMA allogeneic SCT because there is no effect on the relapse rate or final responses, even molecularly.
14 Whether this strategy can be used for other histologic types remains to be studied. On the other hand, prophylactic adoptive immunotherapy may be useful for restoring GVL activity after T cellYdepleted SCT. 43 
STRATEGIES TO ENHANCE GVL
It has been widely accepted that GVL is the most potent in indolent lymphoid histologic disease types. Innovative approaches are needed to maximize GVL's activity in patients with other histologic types and limit GVHD.
One such approach is combining DLI with novel antibodies that can direct and activate effector cells directly at the tumor site. The use of rituximab in this setting has been associated with a CR rate of 47% in chronic lymphocytic leukemia patients with recurrent or persistent disease after NMA allogeneic SCT. Patients who experienced a response had increased NK cell lysis. 37 Methods to enhance this activity in other histologic disease types are ongoing.
Several strategies are used to enhance donor T-cell activity, including using donor T cells that have been expanded and activated through ex vivo costimulation. 44 It is also possible to genetically modify T cells to express chimeric antigen receptors and redirect T-cell specificity. Kochenderfer et al 45 recently reported the use of donor T cells expressing an anti-CD19 chimeric antigen receptor to treat patients with chronic lymphocytic leukemia and other lymphoid malignancies. Natural killer cells can have potent antitumor activity. Several trials have demonstrated the safety and feasibility of donor NK cell infusions after haploidentical SCT, 46 and the results of recent trials suggest that graft-versus-tumor activity is optimized by donor NK cells expressing appropriate killer-cell immunoglobulin-like receptor genes. 47 New techniques that isolate and expand NK cells ex vivo will allow us to use novel strategies to test NK cell immunotherapy.
SUMMARY
Nonmyeloablative or RI allogeneic SCT can have a significant GVL effect in advanced NHL patients. The applicability of this approach appears to depend on the histologic disease type and individual patient and disease characteristics. Several strategies are available to enhance the GVL effect, but it will ultimately require a better understanding of important target antigens. The field offers significant opportunity for clinical research, and we strongly encourage patients to participate in clinical trials whenever possible.
